Over the past decade, there have been few significant improvements to the performance in sludge dewatering technologies. Most improvements, other than process optimizations from the polymer industry, have been minor adaptations to the various dewatering technologies such as adding additional pressure rollers or modifying the diameters of pressure rollers on a belt filter press. The adoption of Electrokinetic Geosynthetics (EKG) technology to the dewatering of biosolids and other materials will allow the belt filter press to enter a new phase achieving levels of performance previously thought to be impossible. The EKG technology is completely different than past technologies and is truly a breakthrough in understanding the dewatering process and applying it to benefit wastewater treatment. Full-scale results show that a belt filter press using the EKG technology can consistently produce solids concentrations 10 to 15 percentage points higher than conventional belt filter presses, surpassing virtually all other conventional technologies, such as high-solids centrifuges and recessed chamber filter presses.
INTRODUCTION
Prior to understanding the application of electrokinetics to the art of dewatering, it is important to first look at the theory and science behind the technology. There are several recognized electrokinetic phenomena relating to the relative movements of solids and liquids under voltage gradients. One of these is electro-osmosis and it describes the movement of liquids through a static solid matrix. Although not all materials will support electro-osmosis, it does create an immediate step change in the rate of dewatering of certain materials. This is best illustrated as described in Darcy's law which calculates the hydraulic flow of liquid through a solid:
Electro-osmotic flow occurs due to a voltage gradient and the flow equation is analogous to Darcy's law: Q e = k e i e A (Formula 2) where: Q e = electro-osmotic flow rate, k e = electro-osmotic permeability, i e = voltage gradient, and A = cross sectional area of flow
The effects are additive and total flow Q t is given by: Q t = Q h + Q e (Formula 3) 1 Where as hydraulic permeability is controlled by the grain size of the material, (for example, sand particles compared with colloidal particles); the electro-osmotic permeability is relatively constant among materials that support electro-osmosis. In terms of equivalence, k e approximates to k h for materials of fine sand to silt size. Therefore, the relative benefit of electro-osmotic flow over hydraulic flow increases as the particle size decreases resulting in a decreased hydraulic permeability. Since most municipal sludges are made up of colloidal sized particles, electroosmosis is an ideal solution for sludge dewatering.
To take advantage of this phenomena, EKG applies the forces of electro-osmosis through low voltage (15 to 30 volts dc [vdc] ) power applied to conductors woven into the geosynthetic belt material at a specific spacing. The sludge, captured between the two belts on a belt filter press, is exposed to the voltage gradient created when voltage is applied to one belt as a cathode and the other belt as the anode. The electromechanical reactions caused by this gradient (Figure 1 ), in addition to increasing dewatering, have also been shown to cause reductions in pathogen counts and reductions in chemical conditioning on certain sludges in laboratory trials. 
THEORY AND LABORATORY RESULTS
While most technological advances have been limited to a few percentage points of improvement in dry solids, the electro-osmosis theory and the subsequent laboratory testing of the EKG technology showed that electro-osmotic dewatering is linearly proportional to the voltage gradient and that cake solids greater than thirty percent on digested municipal sludges are possible. The laboratory testing also suggested that this was possible for a very low power cost. It was further considered that the laboratory results would be conservative compared to full-scale trials because it was impossible to duplicate the exact sludge/polymer mixing and the synergistic combination of pressure and shear that the sludge incurs moving through the labyrinth of pressure rollers.
Owing to laboratory constraints, the minimum thickness of the sample i.e. belt separation in the laboratory test was fifteen millimeters. In reality, most belt filter presses operate with a belt separation in the general range of five to ten millimeters. Therefore the belt separation in the laboratory was larger than what occurs in practice, which had a concomitant affect on the voltage gradient.
METHODOLOGY
The theory of electro-osmotic dewatering on sludge was tested in a research facility in the United Kingdom by Electrokinetic Ltd., a technology company that owns substantial intellectual property rights both in the area of EKG generally and with specific reference to the application of electrokinetics in belt filter presses and other dewatering media. Early laboratory trials were carried out to validate the theory as well as to lay the foundation for development of the specific knowledge necessary to apply the electro-osmotic technology on municipal sludge dewatering using belt filter presses.
Preliminary laboratory tests were carried out on humus sludge and on surplus activated sludge using solid disk electrodes. Figure 2 shows the effect of dewatering a thirty millimeter thick sample of this material under fifty kPa pressure and then applying thirty volts (voltage gradient 1000 V/m) after twenty minutes. As shown on the figure, electro-osmosis created an immediate step change in the rate of dewatering. This test indicated that electro-osmosis can provide significant additional gains in dewatering above those that may be achieved with mechanical or pressure systems alone. Additional trials were conducted using the same sludge with differences in voltage, electrode designs, and electrode spacing. Finally, the laboratory trials were repeated with different municipal sludges to develop a base line for predicting full-scale results using electro-osmotic dewatering applied through the EKG technology.
In every laboratory and full-scale trial, a bench mark or control was established by running a parallel test on the same sludge without power to the EKG electrodes. 
DISCUSSION
The early testing identified several factors to be considered in the subsequent development and testing of the EKG on the belt filter press. These factors were: the effects due to the voltage gradient, initial solids concentration entering the electro-osmotic zone, and the effects of residence time along with some other lesser considerations including the dynamic nature of belt press dewatering compared to laboratory testing, pathogen reductions, and other chemical effects.
Effect of Voltage Gradient
The voltage gradient is simply the applied voltage divided by the spacing between the cathode and anode. Laboratory testing confirmed that electro-osmotic flow is controlled by the voltage gradient as described in equation two above and that dewatering increases as the voltage gradient increases or becomes steeper. This increase occurs either by raising the voltage or by decreasing the sample thickness so that the cathode and anode are closer. Dewatering performance was more sensitive to spacing of individual conductive elements compared to applied voltage gradient. Long duration tests (sixty minutes) showed that dewatering gains diminished when the testing was extended beyond approximately twenty-five to thirty minutes.
In the belt filter press application, the closeness of the two belts is a distinct advantage for electro-osmosis with the belts used as the electrodes because steep voltage gradients can be achieved using relatively low applied voltages. Laboratory trials applied voltage gradients in the range of 600 -3000 V/m. These low voltages offer obvious operational and safety advantages. Additionally, as the sample compresses the voltage gradient increases which will further improve the electro-osmotic flow. A cake with solids content of 24.8 percent was achieved with a potential gradient of 676 V/m for a duration of fifteen minutes. Again, both the theory and the data show that electro-osmotic flow and improvement of dry solids content is linearly proportional to voltage gradient. Thus by raising the gradient to 775 V/m, a solids content of thirty percent could be achieved. Additional increases in voltage gradient have the potential to further increase the percentage dry solids.
Effect of Initial Solids Concentration
The initial dry solids content entering the electro-osmotic zone is a function of processes that take place before the sludge reaches the pressure section of the belt filter press. This is usually affected by controlling the polymer type, polymer dose, and mixing energy in relation to the solids loading. Test results indicate that a high performance can be achieved by starting with a solids content of ten percent. However, if the initial dry solids content was lower, similar results could be produced by varying voltage gradients and residence times. This inherent flexibility allows an electrokinetic system to be economically optimized for product quality, voltage gradient and flocculent consumption.
It became very clear during the trials that electro-osmosis provides the greatest advantages when applied to the higher percentage dry solids materials. This is consistent with the physics of the system based on equations one to three above; as dewatering progresses, the pore size adjacent to
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Copyright 2006 Water Environment Foundation. All Rights Reserved the belt decreases and therefore the hydraulic permeability, k h , and hydraulic flow, Q h , decrease accordingly. Electro-osmotic permeability, k e , however, is independent of pore size, and therefore electro-osmotic flow, Q e , is constant for a given voltage gradient. This means that electro-osmosis is most advantageous when conventional hydraulic dewatering is slowing down or becoming negligible. This ultimately led to the decision to place the electrodes only in the pressure section of the belt filter press toward the distal end of the process while ensuring that the gravity section removed as much water as possible.
Effect of Residence Time
Residence time in a belt filter press clearly influences the solids content of the cake produced. Most belt filter presses operate with a residence time in the range of five to fifteen minutes. In all electrokinetic and control tests, it was noted that the longer a sample was left in the test cell, the greater the amount of dewatering which occurred. The rates of dewatering as shown in Figure  3 indicate that the mechanical or hydraulic dewatering of the control sample is effectively constant but at a very low rate as evidenced by the nearly flat base line curve. However, under electrokinetic treatment the total flow rate (Q h + Q e ) actually appears to be increasing. This is explained by understanding that the hydraulic permeability, k h , decreases with time as the outside of the cake (closest to the belts) becomes dryer therefore with a constant pressure (constant diameter pressure rollers), the hydraulic flow, Q h , will decrease as the sludge travels through the pressure section. Conversely, the electro-osmotic permeability, k e , is constant and a sample which compresses under a constant voltage will experience a gradually steepening voltage gradient due to the decreasing cake thickness. As a result, over the period of the test, the electro-osmotic flow, Q e , will increase.
Laboratory results showed that fifteen minutes of conventional hydraulic dewatering produced a dry solids content of 15.7 percent, whereas electro-osmotic treatment (using a voltage gradient of only 676 V/m) achieved 24.8 percent when the belt filter press pressure section was simulated and when the pressure section was fed ten percent dry solids. 
Effect of a Dynamic Environment Relative to Laboratory Testing
In an operating belt filter press, the compression, dilation and shearing of the sludge between the belts results in a higher level of dewatering (from pressure and electro-osmosis) than can be achieved in any static laboratory test. Therefore, in a real press equipped with electrokinetic belts, the dewatering potential is likely to be even greater than the laboratory test results indicate. A further advantage of electro-osmosis applied through electrokinetic belts is that the electroosmotic zone will be active for the whole residence period of the sludge. This is in contrast to a standard belt filter press where the pressure gradient partially relaxes after the belt passes beyond the contact with one pressure roller prior to beginning contact with the next roller. The contrasts between the control and electro-osmotic tests as shown in Figure 3 would likely have been even greater if this pressure variation were taken into account.
Effects of Electro-Osmosis on Pathogens
To date, this work has not specifically considered the effects of electro-osmosis on the reduction of pathogens in sludges on a full-scale machine. However, some preliminary work conducted by Electrokinetic Ltd. has shown that pathogen reduction is a definite feature of electro-osmosis. Work on sludge cake in a large tank (300mm in length) showed a six log reduction in pathogens in a period of forty-eight hours with an accompanying two log increase in the pathogens in the removed water. The reduction in pathogens is believed to result from two factors:
1. Chemical degradation of the pathogen cell walls in adverse pH conditions (especially high pH around the cathode). 2. Charged proteins (pH dependent) on the surface of the cell walls of very small bacteria (e.g. E. coli) give the particles a high mobility under an electric field.
This laboratory work was designed to simulate electro-osmotic dewatering of lagoon sludge, and was not representative of conditions in a belt filter press because the voltage gradient used was up to fifty times smaller than that anticipated to be used in a belt filter press. However, the processes responsible for pathogen reduction will be active in a belt filter press, especially with the relatively small distance between the belts, and steep voltage and pH gradients. Additional full-scale trial work is planned to confirm these preliminary laboratory results during the next phase of site trials.
Chemical Effects
Other benefits of an electrokinetic belt filter press include ammonia venting to control carbon: nitrogen ratios and increased biodegradability of the product. The effects of pH on cell walls may also lend competitive advantages to belt filter presses in the continuing gradual shift towards the use of activated sludge, which is currently taking place in Europe and the United States. In activated sludge much of the water is intracellular or vicinal, therefore, chemical processes which can act in conjunction with mechanical processes in breaking down cell walls, releasing fluids may be of great significance.
• Electrode life must be approximately equal to the life of current belt technology,
• Belt drainage and filtration characteristics must be maintained in full,
• Belts must be easily replaceable,
• Electrode contact must be maintained during normal steering functions on the belt press, and • Electrokinetic belt must not interfere with scrapers, plows, etc.
To meet these objectives, different electrodes were modeled in the laboratory to determine the optimum spacing between conductive elements, optimum diameters of conductive elements, as well as the appropriate materials for construction of the electrodes. The belt life has not yet been determined since the belts have not been run to failure at this time.
Control and Electrode Development
Like the belts, significant work was also carried out to determine the best way to provide controlled power to the belts. Considerations included:
• Power must be variable to "tune" the individual sections of the electro-osmotic zone, • Power must be controlled such that areas outside the electro-osmotic zone are not energized, • Heat dissipation must be controlled, • Safety of the process, and • Ease of maintenance Currently carbon copper brushes are used to power the belt by riding along a conductive band on the edge of the belt. The specific spacing of the brushes is relative to the geometry of the individual belt press. The cathodes brushes are all installed on one belt along one side of the machine, with the anode brushes on the other belt on the opposite side of the machine. The brushes are installed such that they never lose contact with the conductive zone on the belt despite belt steering or varying cake thickness.
RESULTS OF FULL-SCALE TRIALS
Full-scale trials using an Ashbrook Simon-Hartley two-meter Klampress ®2 on an anaerobicallydigested, combined primary and waste activated solid sludge were conducted at the Long Reach Sewage Works (London) in early 2005. The Klampress ® was an extended gravity deck machine with twelve pressure rollers. The polymer system was a dry system manufactured by Ciba. Although the EKG system was designed to operate between 15 and 30 vdc; due to an unforeseen site electrical restriction, the trials could not be run above 16 vdc. As such, the trials were run at 5 to16 vdc which produced maximum cake solids of 33 percent at 16 vdc (Figure 4 ). This compares to the baseline performance of 19 percent dry solids on the same press operated without the EKG technology. The laboratory testing suggested that little or no reaction would occur below 10 vdc; however, the actual results showed improvement at power settings as low as
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Copyright 2006 Water Environment Foundation. All Rights Reserved 5 vdc which again suggests that all of the laboratory testing was conservative. While the EKG system was operating, there was no measurable difference in the solids capture efficiency. Although the belt filter presses for both the baseline machine and for the EKG technology were capable of higher solids loadings, plant operations personnel established the throughput at 760 dry pounds/hour for both machines during the trials based on plant operational requirements. Likewise, the polymer consumption on the baseline machine was established by the operators at 10 pounds active polymer/dry ton, or about $18/dry ton. While early trials showed the EKG technology was capable of operating at lower polymer doses, the polymer setting on both machines was held constant so that the only variable would be the resultant cake solids concentration. At 16 vdc, the approximate power cost was $0.55/dry ton in addition to the normal belt filter press power consumption of $2.90/dry ton (including the sludge feed pump, wash water pump, and discharge conveyor). Since the power cost is linear with the supplied voltage, operating at 30 vdc would increase the power cost to approximately $1.10/dry ton. During the testing, the first two sets of electrodes were turned off to simulate the operation of an EKG system on an eight pressure roller belt filter press. The cake solids in this instance dropped to nearly the same level as the base line performance. This clearly showed the impact of residence time on the process and determined a minimum threshold for residence time with the process. An attempt was made to overcome the shorter residence time with voltage; however, with the power limitation discussed previously, this test was not successful. Voltage Applied (vdc) Cake Solids Concentration (%) the EKG technology. Before the EKG technology was energized, the two machines were optimized. The maximum cake solids on the non EKG machine were nineteen percent. After optimizing and recording the process data, the EKG system was energized and the results were a maximum cake solids of 33 percent using the EKG technology. The figure clearly shows the difference in the two piles of cake based on the angle of repose of the piles. There is obviously an ease in handling the EKG sludge compared to the non EKG sludge. Although it was not measured during the trial, there were clearly small amounts of ammonia being released during operation of the EKG system compared to no ammonia release without the system. This suggests that the laboratory results on pathogen destruction are likely to be as valid in full-scale testing as the dry solids predictions have been shown to be.
With the success of the initial full-scale work, additional testing at the 15 to 30 vdc power range is in progress on another two-meter belt filter press on digested sludge in the United States. As part of this test, measurements will also be taken on the changes to the filtrate to quantify pathogen destruction along with measurements on polymer dose reduction. This testing will determine if higher voltage can achieve even greater cake solids concentrations. As seen from Figure 4 , the curve is beginning to level off, but it will be interesting to determine what the maximum achievable cake solids concentration may be. A most interesting facet of the full-scale test was the consistency of the solids produced and the ease of operation, not unlike the results of a healthy electrocardiogram, the other EKG.
